Plasmid-mediated gene therapy can restore dystrophin expression in skeletal muscle in the mdx mouse, a model of Duchenne muscular dystrophy. However, sufficient long-term expression and distribution of dystrophin remain a hurdle for translating this technology into a viable treatment for Duchenne muscular dystrophy. To improve plasmid-mediated gene therapy for muscle diseases, we studied the effects of targeted plasmid integration using a phage integrase (C31) that can mediate the integration of suitably modified plasmids into the mammalian genome. Using a luciferase expression plasmid, we monitored plasmid gene expression noninvasively in living mice by bioluminescence imaging. Coinjection of an integrase plasmid resulted in 5-to 10-fold higher levels of sustained luciferase expression. Likewise, plasmid-mediated dystrophin expression in mdx muscle was enhanced by integration. Using a combination of dystrophin and luciferase plasmids, we analyzed the functional benefit of dystrophin expression in the dystrophic muscle. The expression of dystrophin slowed the loss of luciferase expression associated with muscle degeneration, and that protection was enhanced by targeted integration of the dystrophin plasmid. In the presence of integrase, dystrophin expression was distributed along a much greater length of individual fibers, and this was associated with increased protection against degenerative changes. These data demonstrate the importance of both the level and distribution of dystrophin expression to achieve therapeutic efficacy, and that the efficacy can be enhanced by targeted plasmid integration.
dystrophin, either uniformly or regionally, will render fibers susceptible to degeneration, thus leading to a spiral of loss of therapeutic efficacy. A fiber that expresses dystrophin only along a given segment would be susceptible to degeneration from the dystrophinnegative regions. Thus, advances in plasmid delivery that increase the amount and distribution of dystrophin are likely to be important developments for plasmid-mediated gene therapy for DMD.
Recent studies (9) (10) (11) (12) (13) have demonstrated that certain phage integrases can catalyze the integration of plasmids into the mammalian genome if those plasmids contain specific consensus sequences. The C31 integrase can mediate integration of plasmids containing the attB recognition sequence into the mammalian genome at so-called ''pseudo-attP'' sites (10, 11) . This integration has resulted in sustained expression of therapeutic proteins in animal models of liver and skin diseases (11, 13, 14) . In the case of delivery of the factor IX gene to the liver, the expression was not only sustained, but the level of expression was 10-fold higher when integration was promoted by C31 integrase (12) . We have explored the possibility of using C31 integrase to increase the level of plasmid-mediated gene expression in skeletal muscle and in particular to produce sustained, functional levels of dystrophin protein in muscles of mdx mice. We found that plasmid integration was associated with higher sustained levels of transgene expression. These results have important implications for the design and efficacy of plasmid-mediated gene therapy for DMD.
Methods
Plasmids. The C31 integrase expression plasmid, pCSI (previously termed pCMVInt), and the control plasmid, pCS, have been described (9, 12) . Details of the construction of plasmids and the composition of pCS and pCSI are included in the Supporting Text and Fig. 7 , which are published as supporting information on the PNAS web site.
Mice. C57BL͞10SnJ and mdx mice offspring from breeder colonies were originally obtained from The Jackson Laboratory. Mice were housed and maintained in the Veterinary Medical Unit at the Veterans Affairs Palo Alto Health Care Systems in accordance with the guidelines of the Administrative Panel on Laboratory Animal Care of Stanford University. Intramuscular Injections. Mice were anesthetized by using either methoxyfluorane followed by i.p. ketamine͞xylazine͞water (1:1:2) at 0.9 l͞g or isofluorane through a nose cone. All mice were injected at the age of 12 days. Tibialis anterior muscles were surgically exposed through skin incisions, and injections were performed by using a 0.3-ml insulin syringe with a 30-gauge needle (Becton Dickinson). The volume of injection was maintained constant at 20 l, and the amount of plasmid DNA was 25 g per construct. A concentration of 2.5 g͞l was therefore used for all experiments involving the injection of two plasmids, whereas a higher concentration (3.75 g͞l) was used for experiments in which we injected three plasmids (Fig. 5) .
All muscles received 20 l of 0.5 units͞l hyaluronidase 2 h before plasmid injection (3, 15) . After DNA injection, electroporation of the muscle was performed by using an ElectroSquarePorator (BTX, Genetronics, San Diego) with a two-needle electrode array at a setting of five pulses of 50-ms duration at a voltage of 360 V͞cm. These parameters were optimized for electroporating the dystrophin plasmid to obtain the maximal number of dystrophin-positive fibers. It should be noted that the only difference obtained by using lower electroporation voltages was a reduction in transduction efficiency. The relative levels of expression were the same, and integration was observed with all parameters tested. Electroporation results in transient muscle injury that correlates with the duration, frequency, and voltage of the pulses used, but recovery is complete, as has been noted by others (3).
Noninvasive Imaging for Luciferase Activity. Mice to be imaged were anesthetized with either methoxyfluorane and 0.9 l͞g i.p. ketamine͞xylazine͞water (1:1:2) or isofluorane through a nose cone. Luciferin substrate (33 mg͞ml PBS; Biosynth, Basel) was injected i.p. (150 mg͞kg body weight). Ten minutes after luciferin injection, luminescence was detected using an in vivo imaging system (IVIS, Xenogen, Alameda, CA) and associated software (LIVING IMAGE, Xenogen) for quantitation (16) . Luminescence images were acquired at exposure times ranging from 1 sec to 1 min, according to the degree of luminescence, and were superimposed onto still images of each mouse. Luminescence was quantitated within regions of interest in the units of photons͞sec per cm 2 .
Luciferase Assay. Luciferase activity was assayed by using a Femtomaster FB 12 luminometer (Zylux, Oak Ridge, TN), as described (17) . PCR Methods. Detailed methods, including all PCR reaction conditions and primer sequences, are contained in Supporting Text.
Immunofluorescence Analysis. Dystrophin immunostaining was performed as described (18) . Dystrophin expression was detected by using a monoclonal antibody against the rod domain (exons 31͞32) of the dystrophin protein (MANDYS-8; 1:100) or a polyclonal antibody (P7, 1:1,000; a generous gift of Terence Partridge (Hammersmith Hospital, London), specific for the region of the dystrophin protein encoded by exon 58 (19) . Quantitative determination of the number of dystrophin-positive fibers was performed on the entire cross-sectional area for each section analyzed.
Statistical Analysis. Data are presented as means and standard deviations. Comparisons among groups were done by using Student's t test assuming two-tailed distribution and unequal variances.
Results
Effect of Integrase on Plasmid-Mediated Gene Expression. Muscles of wild-type mice were coinjected with an attB plasmid encoding luciferase (CK6-luciferase) and either a control plasmid (pCS) or a plasmid containing the C31 integrase gene (pCSI). Luciferase expression was monitored noninvasively in anesthetized mice at different times after plasmid injection by using a bioluminescence imaging system (Fig. 1A) . The highest levels of luciferase gene expression were achieved 1-2 weeks after injection and then began to decline (Fig. 1B) . Muscles expressing integrase had higher levels of luciferase expression as early as 4 days after plasmid administration, and the expression remained higher for 6 months and beyond (Fig. 1B) . The average enhancement of luciferase expression by integrase was Ϸ5-to 10-fold. By biochemical analysis, comparably higher levels of luciferase activity were also observed in pCSI-injected muscles (Fig. 1C) .
To test whether higher expression was correlated with integration, we analyzed muscles for levels of total CK6-EGFP-luciferase plasmid DNA and plasmid integrated at the mpsL1 site, a known hot spot for integration by C31 (12) . No differences in total plasmid levels were detected between pCS-and pCSI-injected muscles 5 weeks after injection, but integration was detected only in pCSI-injected muscles ( Fig. 2A) . RT-PCR analysis demonstrated that transcript levels were uniformly higher in pCSI-injected muscles (Fig. 2B) . Furthermore, the expression of GFP was greater in pCSI-injected muscles, as reflected by the greater intensity of GFP fluorescence and the greater number of GFP-positive fibers ( Fig. 2  C and D) . The enhancement of expression in integrase-expressing muscles is shown more accurately by quantitative analysis of transcript levels, which were Ͼ4-fold higher in pCSI-injected muscles (Fig. 2E ).
Plasmid Persistence With or Without Integration. To determine whether plasmid integration would limit loss of plasmid DNA after intramuscular injection, we quantified the levels of an attB plasmid (CK6-luciferase) at different times after coinjection with either pCS or pCSI. Real-time PCR analysis was performed on total DNA (chromosomal plus extrachromosomal; see Fig. 8 , which is pub- lished as supporting information on the PNAS web site). No differences in plasmid copy number between pCS-and pCSIinjected muscles were observed 30 days after injection (Fig. 3A) . Over the ensuing 18 months, the levels of plasmid stabilized and changed little in pCSI-injected muscles (Fig. 3A) . By contrast, plasmid levels declined in muscles without integrase (Fig. 3A) , consistent with previous reports (7, 8) .
We examined separately the changes in levels of extrachromosomal plasmid DNA and the levels of plasmid integrated into the mpsL1 site in pCSI-injected muscles (Fig. 8) . No integration was seen in pCS-injected muscles in this or any other experiment, consistent with previous reports of negligible random integration after intramuscular plasmid injections (20) . For integraseexpressing muscles, we observed a continuous decline of extrachromosomal plasmid levels, whereas the level of integrated plasmid continued to increase for the duration of the study (Fig. 3B) . By 18 months after injection, the amount of integrated plasmid accounted for the majority of the plasmid present in the pCSI-injected muscles. The continued integration of attB plasmid is consistent with the sustained expression of integrase from the pCSI plasmid ( Fig. 3 C and D), typical of plasmid gene expression after intramuscular injection as seen in Fig. 1 and noted previously (7) . The relationship among plasmid levels, either extrachromosomal or integrated, and of plasmid gene expression is considered further in Discussion.
Integrase Enhancement of Plasmid-Mediated Dystrophin Expression in mdx Mice.To determine whether plasmid-mediated dystrophin expression could be similarly enhanced in muscles of mdx mice, we coinjected an attB plasmid encoding dystrophin with pCS or pCSI and analyzed the expression of dystrophin at different times thereafter. Two weeks after injection, dystrophin-positive fibers were detectable in muscles of both groups of mice (Fig. 4A ), but the average number of dystrophin-positive fibers was Ϸ2ϫ greater in muscles coinjected with pCSI ( Table 1) . As with the analysis of GFP-positive fibers (Fig. 2D) , this difference was most likely due to an increase in the number of fibers expressing dystrophin at or above the level of sensitivity of detection in pCSI-injected muscles.
We tested whether integrase-enhanced dystrophin expression would result in a more sustained expression of dystrophin. Six months after the injection of CK6-dystrophin and either pCS or pCSI, the number of dystrophin-positive fibers had declined in both Quantitative real-time PCR was performed by using the Forw-Luc 1 ͞Rev-Luc 1 primer pair to assess total plasmid levels. There was no difference between the levels at 30 days, but the difference at 540 days was statistically significant (P Ͻ 0.001). (B) Genomic DNA isolated at different times after CK6-luciferase plasmid injection with pCSI. Nested PCR (20 cycles for both rounds) was performed to assess extrachromosomal (EC) plasmid levels and the levels of plasmid that had integrated into the mpsL1 site. GAPDH was used as an internal standard to assure equal amplification, and first-round PCR reactions were stopped after 15 cycles. (C) The level of integrase expression was analyzed by real-time RT-PCR in pCS-and pCSI-injected muscles. No integrase expression was detected in muscles that received pCS. In contrast, there was prominent integrase expression in pCSI-injected muscles that declined over time but was still clearly present 100 days after injection. (D) Quantitative analysis by real-time RT-PCR of integrase transcript in pCSI-injected muscles revealed there was a gradual decline that leveled off Ϸ100 days after injection and remained constant thereafter up to 1 year after injection. groups, but the number of fibers in pCSI-injected muscles remained higher ( Table 1) . As expected from the intensity of dystrophin staining and the number of dystrophin-positive fibers, dystrophin transcript levels were higher in pCSI-injected muscles at early and late time points (Fig. 4C) . To compare these levels more quantitatively, we used real-time RT-PCR to determine the levels of dystrophin transcripts in pCS-and pCSI-injected muscles at 2 weeks and 6 months. The enhancement of expression by integrase was Ͼ4-fold at the earlier time point and increased to Ͼ8-fold at the later time point (Fig. 4D) . The enhancement of dystrophin expression by integrase was again correlated with plasmid integration, which was detected only in pCSI-injected muscles (Fig. 4E ). These studies of plasmid integration were done quantitatively not to compare levels of integration over time but simply to assess for the presence or absence of integrated plasmid. The overall levels of integration that had occurred at the later time point were lower than those detected in wild-type injected muscles, which was primarily due to loss of fibers associated with subtherapeutic levels of dystrophin expression (see below).
To assess the functional significance of integrase-enhanced dystrophin expression, we injected mdx muscles with CK6-dystrophin and either pCS or pCSI, but we also introduced a third plasmid encoding luciferase for noninvasive monitoring. It has been shown (21) that dystrophin expression can ''protect'' the expression of a coinjected reporter plasmid from loss by limiting the degenerative process. In the absence of dystrophin, luciferase activity declined to undetectable levels within a few weeks (not shown), consistent with previous reports. Concomitant dystrophin expression resulted in a much more gradual decline in luciferase activity, but muscle expressing integrase maintained higher levels of luciferase activity (Fig. 5) . This demonstrates that integration results in a functionally significant enhancement of dystrophin expression.
Effect of Integrase on Dystrophin Distribution and Therapeutic Effi-
cacy. The expression of dystrophin per se did not completely prevent the degenerative process from leading to a loss of plasmid gene expression in mdx muscle (Fig. 5B) . This was also evident from the direct analysis of total dystrophin plasmid in mdx muscles over time (see Fig. 4E ). Although, on average, there was a gradual continuous decline in both luciferase expression and dystrophin expression even in integrase-expressing muscles, the decline was much less pronounced in pCSI-injected muscles (Fig. 5A) . To assess the characteristics of dystrophin expression in those muscles that might account for this, we examined the longitudinal distribution of dystrophin. Virtually all fibers in pCS-injected muscles were dystrophin-positive only in the midbelly region of the muscle where the plasmids had been injected. By contrast, we found that pCSIinjected muscles had groups of fibers that expressed dystrophin along their entire lengths at early time points and at 6 months after injection (Fig. 6A ). This increased distribution was quantitated in both pCS-and pCSI-injected muscles at 6 months ( Table 2) . These results highlight the dramatic enhancement of dystrophin expression along the longitudinal axis of individual fibers associated with Muscles of mdx mice were injected with CK6-dystrophin and pCSI, followed by electroporation. Two weeks after the injections, immunostaining analysis showed broad distribution of the dystrophin expression throughout the muscle cross section. Overall, 15-20% of the fibers displayed a high level of dystrophin expression. (B) The effect of integrase was reflected in the level of dystrophin expression in pCS-and pCSI-injected muscles. Dystrophin-positive fibers were detected in both groups, but the number of dystrophin-positive fibers and the intensity of immunofluorescence were uniformly greater in pCSI-injected muscles. (C) Muscles of mdx mice were analyzed after the injection of CK6-dystrophin and either pCS or pCSI for the levels of wild-type dystrophin transcript and integrase transcript by RT-PCR at two different time points after injection. Even at early time points, higher levels of dystrophin expression were detected in muscles injected with pCSI. On average, transcript levels declined in both groups between 2 weeks and 6 months after plasmid injections but were maintained at higher levels in pCSI-injected muscles (n ϭ 5). (D) Real-time RT-PCR analysis was performed 2 weeks and 6 months after injection of CK6-dystrophin and either pCS or pCSI to assess quantitatively the level of dystrophin transcripts. There was a 4-fold greater level of dystrophin expression 2 weeks after plasmid delivery in muscles that also expressed integrase, and this difference was even greater at 6 months, when the level of expression was 8-fold greater in pCSI-injected muscles (n ϭ 5 for 2-week time point; n ϭ 3 for 6-month time point; * , P Ͻ 0.05). (E) Muscles were examined for total dystrophin plasmid levels by PCR and for plasmid that had integrated into the mpsL1 site (see Fig. 3A ) by nested PCR. There was a decline of total plasmid in both groups and integration of the dystrophin plasmid at the mpsL1 site in pCSI-injected muscles. At indicated times after the injection of CK6-dystrophin and either pCS or pCSI, the numbers of dystrophin-positive fibers were counted in individual muscles (n ϭ 5; *P Ͻ 0.05 compared with the Ϫ Integrase group). In separate groups of mice, the number of revertant fibers were counted (n ϭ 5).
plasmid integration, an effect that likely accounted for the more sustained expression in pCSI-injected muscles.
As a further test, we injected Evans blue dye (EBD), which is taken up into degenerating fibers but not intact fibers (22) , into mice in which muscles had been injected with CK6-dystrophin and either pCS or pCSI 6 months previously. Examination 1 day later revealed that there were clusters of dystrophin-negative fibers that had taken up EBD in each muscle, as expected. Most of the dystrophin-positive fibers did not show evidence of EBD uptake. However, in pCS-injected muscles, we found many fibers that were both dystrophin-and EBD-positive (Fig. 6B) , suggesting that the level of dystrophin was subtherapeutic in that region or in adjacent segments. The relative paucity of dystrophin-positive fibers that were also EBD-positive fibers in pCSI-injected muscles at late time points was also consistent with our findings of enhanced expression and increased longitudinal distribution of dystrophin in those muscles. Quantitative analyses of these findings are presented in Table 2 and provide further evidence that the enhanced expression and distribution of dystrophin are critical to the long-term functional efficacy of plasmid-mediated gene delivery.
Discussion
We have studied the enhancement by C31 integrase of plasmidmediated gene therapy for muscle diseases in general and DMD in particular. Our studies demonstrate that plasmid integration offers several advantages over standard plasmid-mediated gene therapy in which gene expression is mediated by extrachromosomal plasmids. Higher levels of gene expression were observed in muscles in which plasmid integration was promoted, and those levels remained substantially higher over time. Of note, no evidence of host immune response was observed, as determined by analysis for the presence of CD4 ϩ and CD8 ϩ lymphocytes (not shown), in muscle expressing integrase and͞or luciferase suggesting that neither of these transgenes induces a significant cellular immune response under these experimental conditions. The beneficial effects of the plasmid integration were observed also for dystrophin gene expression in mdx mice. When dystrophin expression was mediated by a plasmid that was targeted for integration, higher levels of dystrophin expression were detected at (B) Six months after injection of CK6-dystrophin and either pCS or pCSI, mice were injected with EBD and killed 24 h later. Dystrophin expression (green) and EBD uptake (red) were assessed in each muscle. EBD uptake was seen in many dystrophin-negative (not shown) but also in dystrophin-positive fibers, as shown here. Such fibers were much more prevalent in pCS-than in pCSIinjected muscles (see Table 2 ). Six months after the injection of CK6-dystrophin and either pCS or pCSI, muscles were examined for dystrophin expression and EBD uptake (injected 24 hr before death). Dystrophin-positive fibers were randomly identified in the midbelly region of each muscle, and the longitudinal distribution of dystrophin expression in that fiber was followed both rostrally and caudally in serial sections. At least 20 dystrophin-positive fibers for each muscle were analyzed (n ϭ 4). For simultaneous analysis of dystrophin expression and EDB uptake, the total number of fibers that were both EDB and dystrophin-positive was determined in a section from the midbelly region of each muscle, and this was divided by the total number of dystrophin-positive fibers in that section (n ϭ 3). ( * , P Ͻ 0.05 compared with the Ϫ Integrase group.) different times after injection. This was evident not only as an increase in the number of dystrophin positive fibers but also as an increase in the level of expression and longitudinal distribution of dystrophin in individual fibers within a muscle.
Our data suggest that the number of dystrophin-positive fibers in a muscle cross section is not a good predictor, alone, of therapeutic efficacy. It is clear that muscle fibers that express dystrophin at early time points after plasmid delivery remain susceptible to degeneration at later time points (8) , and this was particularly evident in pCS-injected muscles. The uptake of EBD even in fibers that express dystrophin indicates that dystrophin expression is subtherapeutic, either because the level of expression is too low or because the distribution is inadequate to protect adjacent regions of the fiber from necrotic degeneration. The advantage of integrase-enhanced expression appears to be a higher level of dystrophin expression in general, resulting in a much higher number of fibers expressing therapeutic levels along their entire lengths.
Two interesting observations that emerged from our studies raise important questions about the stability of extrachromosomal plasmids, the transcription of genes on plasmids that have been injected and taken up into muscle fibers, and the effects of integration on these properties. One observation is that transgene expression from extrachromosomal plasmid in wild-type muscle is relatively stable over many months, even as the total plasmid levels in the muscle declines (7, 8) . We observed an initial loss of plasmid during the 6-8 weeks after injection that was paralleled by a decline in transgene expression. However, over the ensuing months, there was a disproportionate loss of plasmid compared with loss of luciferase activity ( Figs. 1 and 2 ). This clearly indicates that only a portion of the plasmid accounts for the measured gene expression. As such, studies of plasmid gene expression, with or without integration, may shed light on the mechanisms that regulate plasmid-mediated gene expression in muscle. It appears that the integrated plasmid is responsible for the higher level of expression (Fig. 2C) . However, integration appears to continue for many months, such that the integrated plasmid accounts for the vast majority of plasmid remaining Ͼ1 year after injection (Fig. 2C) , and yet during that time there is no increase in gene expression. These data suggest that most of the extrachromosomal plasmid is transcriptionally silent and remains so even after integration. The characteristics that determine whether an extrachromosomal plasmid will be transcriptionally active or silent remain unknown.
Plasmid silencing has been implicated a major cause of loss of transgene expression in eukaryotic cells (23) (24) (25) . The cause for such loss in transgene expression has been attributed in part to the presence of highly methylated CpG sequences and bacterial backbone sequences present in the plasmid preparation (26) . Recent studies have shown that depletion of CpG sequences in plasmid vectors can reduce the silencing effects and induce stable gene expression (26) (27) (28) (29) . The use of purified expression cassettes depleted of bacterial DNA and modification of the plasmid backbone structure may substantially enhance the level of plasmid expression that can be achieved in muscles (30) .
Technologies to enhance plasmid-mediated gene delivery are likely to be at the forefront of nonviral gene therapy approaches to DMD in the near future. It was recently demonstrated that integrase expression can mediate the integration of attB plasmids in myoblasts in vitro (31) , a finding relevant to potential ex vivo gene therapy approaches to DMD. Although there appear to be hot spots of integration, it remains to be determined how site-specific the C31-directed integration is in the mammalian genome and the development of integrases that direct integration to few or even one site is a priority (32) . It is clear from human clinical trials involving retroviral vectors that integration of exogenous elements into the human genome carries real risks (33) . It will be important to identify the preferred integration sites mediated by C31 or any other integrase that would be considered for use in humans. This remains a safety concern for any gene therapy strategy for which integration is likely. Nevertheless, the results presented here demonstrate that the possibility of enhancing plasmid-mediated gene therapy for DMD using targeted integration vectors such as C31 integrase is very promising and warrants further study.
